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Abstract 
In this work we investigate the proof of concept of metal (Cobalt) doped silica membranes for H2/CO2 separation in single and 
multi tube membrane modules, in addition to a membrane reactor (MR) configuration for the high temperature water gas shift 
(WGS) reaction. The membranes were prepared by a sol-gel process using tetraethylorthosilicate (TEOS) in ethanol and H2O2 
with cobalt nitrate hexahydrate (Co(NO3)26H2O). The membranes delivered high H2/CO2 single gas selectivity up to 131. A multi 
tube membrane module was tested up to 300oC and 4 atmospheres for 55 days (1344 hours) for binary feed gas mixtures 
containing H2 and CO2 at 40:60 concentration ratio. The best membrane performance delivered H2 purity in excess of 98%. For 
the high temperature water gas shift reaction and a ternary mixture of 40% (H2), 40% (CO2) and 20% (CO), which is equivalent 
to 67.5% CO conversion, the membrane delivered a permeate stream containing 92.5% H2. The membranes complied with a flux 
temperature dependency mechanism, as H2 permeation had a positive energy of activation whilst CO2 was negative. As a result, 
H2 permeation and separation to other gases increased with temperature. In turn, this effect was combined with high CO 
conversion for the water gas shift reaction, thus allowing for high throughput of H2 production and separation in a single 
processing step. The process integration provided by this work is potentially beneficial for the next generation of high 
temperature processing unit operations in low emissions coal gasification.  
 
© 2008 Elsevier Lt d 
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1. Introduction 
In this new paradigm of decarbonised energy economies, security of fuel supply still plays a major role in  
sustainable development. These issues are socially, economically and polit ically sensitive around the globe, and in 
particular for those economies driven by energy derived from fossil fuels. Governments are currently assessing a 
basket of options to enhance the robustness of the energy mix for their respective countries. However, as demand for 
energy is unlikely to reduce, many industrialised nations will continue to rely on coal as a primary energy supply, 
which is likely to outlast gas and oil for centuries, based on current reserves and consumption rat es [1, 2]. To 
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address the need to reduce CO2 and associated greenhouse gas  emissions, research has intensified in the last decade 
on post combustion, pre combustion and oxy-fuel as modes of operating coal power p lants with carbon capture. 
 
The pre-combustion option via coal gasification is getting the attention of governments, industry and the research 
community as an attractive alternative process to deliver electricity. Coal gasification is a flexib le process which can 
be integrated with a combined cycle of gas and steam turbines to deliver power, called an Integrated Gasificat ion 
Combined Cycle (IGCC). Th is process has a potential advantage over conventional power generation, as it also has 
the capability for delivering synthetic fuels for industrial feedstock and hydrogen for the energy and transportation 
sectors. An IGCC scheme for the production of hydrogen with CO2 capture for bituminous coals using the current 
best available technology is shown in Figure 1. The process can be divided into four steps as follows: (1) air 
separation & gasification, (2) gas cleaning, (3) gas conditioning, and (4) gas separation. 
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Figure 1- A conventional IGCC with carbon capture [3] 
 
Using conventional technology, it is possible to build the IGCC p lant shown in Figure 1. There are several mature 
technologies that can be employed as gas separation processes such as cryogenics, solvent extraction, adsorbents in 
pressure or temperature swing adsorption, and low temperature polymeric membranes. Due to compliance with 
sorption mechanisms, these technologies operate best at low temperatures (<50oC). Examples of gas separation 
include physical solvents such as Selexol or Rectisol, zeo lite beds in pressure swing adsorption or polycarbonate, 
polydimethylsiloxane PDMS membranes. The problem here is that gas separation follows downstream from gas 
conditioning. The gasification of coal predominantly produces syngas (CO and H2) with some remain ing 
hydrocarbons, CO2 and water. The syngas requires further processing through the WGS reaction (Equation 1), in  
order to maximise H2 production [4, 5].  
 
CO + H2O ÅÆ CO2 + H2    ΔH =-41.2 kJ.mol-1  (Equation 1) 
 
The WGS reaction is exothermic and the conversion is limited by thermodynamic equilibrium as the conversion to 
H2 and CO2 decreases with increasing temperature. The reaction is therefore carried out in two stages, in high (350-
400oC) and low temperature (250-300oC) shift reactors with interstage cooling. In addition, further cooling to <50oC 
is required to reduce the temperature to the temperature acceptable by conventional gas separation technologies. 
Cooling large stream of hot gases is capital intensive, and incurs a loss of power production; furthermore, these 
processes are likely to deliver CO2 at reduced pressures, which will have to be re-compressed to > 100 atm for 
transportation and storage. Hence, conventional processes will attract large energy penalties.  
 
In order to reduce efficiency losses, an alternative is to separate gases at higher temperatures. In this case, 
inorganic membranes derived from ceramics [6], silica [7-9], metal [10], and by further doping or alloying [11] 
showed preferential H2 selectivity over CO2 at high temperatures (>200oC). These technologies can also operate in 
membrane reactor arrangements for the water gas shift reaction  [12-14], which allow for shift ing the reactions to 
higher conversions due to the extraction of hydrogen from the reaction chamber  [15]. The advantage here is twofold; 
1. CO2 is kept at high pressure thus reducing requirements for CO2 compression downstream.  
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2. As H2 is selectivity taken, the syngas stream is reduced by up 30-35% depending on the recovery rate. 
Although CO2 will have to be cooled down prior to compression, the volumes are reduced thus requiring a 
lower cooling duty.   
 
Therefore, inorganic membranes and their incorporation in MRs are foreseen to be the technology of choice for 
advanced IGCC plants as depicted in Figure 2.  
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Figure 2 An Advanced scheme for IGCC with carbon capture [3] 
 
The scheme shown above in Figure 2 for gas separation and conditioning is being developed in Australia by The 
University of Queensland as the research provider under the R&D program directed by the Centre for Low Emission 
Technology (www.clet.net). The use of a higher temperature membrane allows further simplification of the gas 
cooling, conditioning and separation step, but this scheme requires a high temperature membrane tolerant to the 
syngas. The R&D program is currently focusing on metal doped silica membranes. In this work, we report on proof 
of concept and long term testing of membranes for H2 separation in a single membrane and mult i tube membrane 
module similar to the schematic shown in Figure 3, in addition to a membrane operating in a membrane reactor 
(MR) arrangement for the high temperature W GS reaction. The membranes are tested for several temperature and 
pressure regimes, for single gas and binary mixtures, and for gas separation during WGS react ions, to determine 
their performance in terms of permeation and gas separation properties. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 – Schemat ic of a multi tube membrane module for H2 and CO2 separation 
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2. Experimental  
Commercial D-alumina tubes (OD-11mm Length-120mm) coated with a top γ-alumina layer were purchased from 
Noritaki (Japan). Cobalt silica sol was prepared through the hydrolysis and condensation of tetraethyl orthosilicate 
(TEOS) in ethanol and H2O2 with cobalt nitrate hexahydrate (Co(NO3)26H2O) as described elsewhere [16]. A  
solution of 42.2g TEOS in 600g ethanol was added to a second solution of 51.8g cobalt nitrate in 30%w/w aqueous 
H2O2 and vigorously stirred for 3 hours in an ice-cooled bath. The tubular alumina substrates were dip-coated at the 
outer shell of the tube at a removal speed of 2cm.min-1 and an immersion time of 1 minute prior to removal. The 
final tube membrane had a total of six layers which were sequentially calcined in air to 600°C at a ramp rate of 
0.7°C.min-1, and held at 600°C for 4 hours. Finally the membranes were sintered in H2 at 500°C for 15 hours to 
reduce the cobalt oxide within the selective silica layer. Both ends of the tube were glazed to provide a good surface 
for sealing. The membrane had a length of 60mm and an effective permeat ion area of 20cm2. 
The cobalt silica membranes were are also tested in a membrane reactor (MR) arrangement. The catalyst was 
activated prior to experimentation following manufacturer’s protocols at 250°C with 20% H2 and 20% H2O in N2 at 
20 ml.min-1 total flow. After activation, H2 was switched off and the H2O/CO reactant flow was fed to the reactor, 
with all gas flows controlled using high precision Cole Palmer rotameters. Water liquid flow was controlled by a 
Bronkhurst liquid mass flow controller, prior to injection into an evaporator. The water to CO feed ratio 1:1 was 
used in the experimental work.  
 
In these experiments, the membrane and MR temperature was maintained within a muffle furnace using a 
Eurotherm PID temperature controller.  A back pressure valve maintained the feed pressure at the desired pressures 
which was measured with a pressure transducer. Reactants, feed, retentate and permeate gases were tested in a 
Shimadzu GC-2014 gas chromatograph using a Porapak Q column with a thermal conductor detector (TCD) and 
flame ionising detector (FID) to determine gas concentrations. 
 
3. Results and Discussion 
Figure 4 shows the single gas permeation results for the cobalt silica membrane. The permeation of molecules with  
the smaller kinetic diameter such as He (dk = 2.6Ǻ) and H2 (dk = 2.9Ǻ) increased as a function of the temperature 
whilst the opposite trend was observed for the larger molecules like CO2 (dk = 3.3Ǻ) and N2 (dk = 3.64Ǻ). These 
permeat ion trends as observed elsewhere [18-20] are indicative of activated transport or molecular sieving 
mechanis m following a temperature dependency flux equation derived from the model of transport through 
microporous crystalline membrane proposed by Barrer [17]: 
 
dx
dp
RT
EKDJ actOOx ¹¸
·
©¨
§  exp        (Equation 2) 
 
where J is the flux (mol.m-2.s-1) through the membrane, Eact (kJ.mol-1) is an activation energy, R the gas constant and 
T the absolute temperature (K),  Do and Ko are temperature independent proportionalities. The activat ion energies in 
kJ.mol-1 calculated from an Arrhenius relationship for single gas permeation were 8.0 (He), 16.4 (H2), -6.3 (N2) and 
-6.3 (CO2). 
 
A membrane module containing 4 cobalt doped silica membrane tubes was subsequently assembled similarly to 
the concept shown in Figure 3. Each tube membrane was individually tested with He and N2 (see Figure 5) prior to 
any H2 and CO2 permeation testing to verify their performance and whether leaks were occurring.  Tests were 
carried out up to 4 bar feed pressure and 400oC. Membrane 2 (M2) showed the best performance in terms of flux 
and selectivity. The He flux reached 14.2 cc.cm-2.min-1 and single gas He/N2 selectivity of 76 at the tested 
conditions. It was found that increasing the pressure caused a small reduction of selectivity, in particular for M4, 
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which was attributed to a small leak rate. In other words, the other membranes (M1, M3 and M4) could possibly 
have higher selectivities if they were leak free. The module was dis mantled and re-assembled three times, and leak 
rates reduced or increased each time. At this stage, the importance of certain aspects of the mechanical design of a 
multi tube membrane module became very apparent. The tubes require precise alignment to allow for Kalrez 
‘o’rings to deliver good sealing capabilit ies. In our init ial multi tube design, alignment tolerance did not meet this 
mechanical design requirement.  
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Figure 4 – Single gas permeance of gases as a function of temperature. 
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Figure 5 – Mult i tube membrane (left) init ial gas permeation at 300oC and feed pressure at 4 bara (right) selectivity. 
 
 
After one week of testing, M2 and M4 started having a high gas leak rate. The seals were changed, but the high 
leak rate remained. Hence, it was decided to continue the tests with M1 and M3 only.  The membranes were tested 
for 56 days (1344 hours) of operation between 100-300oC and feed pressures 2.8-4.0 bar. The feed gas concentration 
was generally 35-40 vol.% H2 and 60-65 vol.% CO2. The performance of the membrane M1 (Figure 6) shows the 
permeate H2 purity increased with temperature, and preferab ly in excess of 200oC. The 100o C isotherm was shown 
as an example of the effect of a very small leak on the H2 purity of gases in the permeate stream as the feed pressure 
increased. Again, these results highlight the molecular sieving mechanis m which was regulated by the temperature 
flux dependency as discussed above. The membrane M1 delivered almost 98% H2 purity at a single pass. 
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Figure 6 – Isotherms of H2 purity as a function of total gas  mixture pressure for 40:60 (H2 :CO2) mixture. 
 
A single membrane tube was also tested in a MR arrangement at operating temperatures from 300 to 375o C as 
shown in Figure 7a. CO conversion increased with temperature and started levelling off at 67.5% at 375oC due to 
equilibrium limitations. Membrane seals failed after this temperature. The H2/CO molar ratio in the permeate stream 
increased from 1.9 to 40.5 as a function of temperature, whilst the same ratio in the MR reaction chamber increased 
from 0.32 to 2.05. There are two important aspects associated with these changes. As temperature increased, so did 
CO conversion. This means that for every mole of CO reacted it generated one mole of H2 (and CO2) resulting in a 
higher H2 partial pressure in the MR reaction chamber. The permeation of H2 is directly proportional to the driving 
force, which in this case is the H2 partial pressure difference between the MR reaction chamber and the permeate 
stream. As the permeate stream was kept at 1 atm, then it was essential that the H2 partial pressure in the reaction 
chamber to be above 1 atm. The second aspect relates to the membrane’s activation energy as described in Equation 
2. This can be clearly observed in Figure 7b. The purity of H2 in the permeate stream increased from 60 to 92.5% as 
the temperature increased from 300 to 375oC, respectively. In a single separation step, the MR was able to enrich H2 
in the permeate stream by 39% at 300oC and 48.5% at 375oC as compared to the MR reaction chamber. 
Notwithstanding that the H2 and CO2 concentration in the MR reaction chamber were equivalent, H2 selectively  
permeate through the membrane. Hence, higher temperature allowed for the combined effect of higher CO 
conversion and H2 permeation to act synergistically. 
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Figure 7a (left) MR CO conversion and H2/CO ratios and 7b (right) H2 concentration in the permeate stream and 
MR reaction chamber, both figures as a function of temperature.  
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The flux temperature dependency trend of H2 and CO2 permeation makes cobalt silica membranes attractive for 
application in coal gasification processes. The H2/CO2 single gas selectivity increased from 17 to 131, as the 
temperature increased from 50 to 150oC, respectively. The positive energy of activation for H2 permeation coupled 
with the negative energy of activation for CO2 permeation of metal doped silica membranes provide a favourable 
fundamental property for engineering design of gas separation at higher temperatures (up to 500oC) such as those 
required in a coal gasificat ion process. This point can be further supported by the mult i tube membrane module, 
which delivered H2 purity in excess of 98% at 300oC and feed pressures ranging from 2.8 to 4 atmospheres. The 
temperature testing was limited to 300oC as Kalrez ‘o’rings start melt ing at about 315oC. The membranes were also 
showed to be encouragingly robust, as they performed consistently for 55 days.  
 
For the WGS react ion, the MR delivered lower gas purity for a gas mixture containing ~40% H2. For instance, a 
CO conversion of 67.5 moles  at 375oC lead to the production of 67.5 moles of H2 and CO2, whist 32.5 moles of CO 
were not consumed. This gives approximately a ternary mixture of 40% (H2), 40% (CO2) and 20%(CO). In this case 
the membrane was able to deliver a permeate stream containing 92.5% H2, about 5.5% lower than the result 
obtained for a binary mixture. These results strongly suggest that the separation of a ternary gas mixture is more 
complex than a binary mixture, thus slightly reducing H2 purity in the permeate stream. 
4. Conclusions 
Metal (cobalt) doped silica membranes delivered h igh H2/CO2 single gas selectivity up to 131. The flux 
temperature dependency allowed for a positive energy of activation for H2 permeation whilst the energy of 
activation for CO2 was negative. A multi tube membrane module was tested up to 300oC and 4 atmospheres for 55 
days(1344 hours) for b inary feed gas mixtures containing H2 and CO2 at 40:60 concentration ratio. The best 
membrane performance for H2 purity was in excess of 98%. For the high temperature WGS react ion, H2 selectively 
permeated through the membrane; this effect also increased with temperature. Higher temperature also aided in CO 
conversion which translated into more H2 (and CO2) being produced in the MR reaction chamber. Hence, higher 
temperature allowed for the combined effect of higher CO conversion and higher H2 permeat ion. Nevertheless, the 
MR delivered lower gas purity for a ternary gas mixture containing ~40% H2 as compared to binary gas mixture 
separation. For a ternary mixture of 40% (H2), 40% (CO2) and 20% (CO), which is equivalent to 67.5% CO 
conversion, the membrane delivered a permeate stream containing 92.5% H2, about 5.5% lower than the results 
obtained for a binary mixture. These results strongly suggest that the separation of a  ternary gas mixture is more 
complex than a binary mixture. The purity of H2 in the permeate stream increased from 60 to 92.5% as the 
temperature increased from 300 to 375oC, respectively.  
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